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Abstract A studywas conducted to simplify and broaden the procedures for estimating scour dimensions
at the downstream of cascades. There are many studies about energy dissipation, aeration and oxygen
transfer in stepped-channel chutes and cascades. There is little attention paid to the scour downstream
of the stepped chutes and their downstream scour hole geometry. Measurements were taken to obtain
a scour hole profile in the equilibrium state of the scour, the value of the maximum depth of the scour,
the location of the maximum scour depth and the length of the scour hole. It was also found that step
geometry, stepped chute angle, downstreamwater level and sill types of a stilling basin are very important
parameters for the geometry of the scour hole.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY license.1. Introduction
A cascade is a steep stream between a rapid and a waterfall.
The slope is enough to allow a succession of small drops but not
sufficient to cause the water to drop vertically (i.e., waterfall).
Moreover, cascades are man-made channels consisting of a
series of steps (for example, stepped fountain, a staircase chute
and a stepped sewer). Although stepped chutes have been used
for more than 3500 years, the design technique was abandoned
in the late 1920s [1]. A recent renewal in interest for stepped
spillways has been associatedwith the development of research
projects conducted in the last three decades. Cascades have
a large number of uses in engineering applications. Cascades
have been used to dissipate the energy of high-velocity flows,
where residual energy is dissipated with a hydraulic jump,
and largely reduced in dimension compared to a basin, due
to a conventional smooth spillway structure. A smaller stilling
basin means that fewer construction materials and time will be
spent on the construction of the stilling basin; in turn, reducing
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options [2].
Scour occurs naturally due to the erosive effects of flow-
ing water including the morphological changes in rivers and
also due to the construction of all types of waterway structure.
Excessive scouring can progressively undermine the founda-
tions of hydraulic structures and cause failure. The scour down-
stream of hydraulic structures constitutes an important field
of research, because of its frequent occurrence in engineering
applications [3].
The flows over and through hydraulic structures often occur
in the form of jets. A jet lifts the sediment particles and
transports those particles downstream of the impacted area.
The jet impact area is transformed into an energy dissipator and
a scour hole is formed.
At the downstream of cascades, the flow is generally super-
critical and is followed by a hydraulic jump in the energy dissi-
pator with baffle blocks; possibly, dentate sill flow is subcritical
at the end of this section. The form of scour depends on many
factors (for example submergence, tailwater depth and degree
of dissipation of jet energy).
Many researchers have studied scour downstream of hy-
draulic structures, such as grade-control structures, pipe out-
lets and stilling basins. Typical examples were investigated
by Blaisdell and Anderson [4] and Rice and Kadavy [5]. Gijs
et al. [6] studied local scour downstream of hydraulic struc-
tures. Farhoudi and Smith [7] studied scour profiles down-
stream of a spillway. They found a similarity relationship for
the temporal variation of scour profiles. A detailed review of
the foregoing work and further studies was given by Simons
and Senturk [8]. The scour process was experimentally stud-
ied by many researchers (e.g. [9–14]). A number of empirical
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b step length
Cu coefficient of uniformity
d16 grain size, for which 16% of the material is finer
d50 bed material diameter, which is finer by weight
d84 grain size, for which 84% of the material is finer
h step height
z control gate height
H total height of stepped-channel chute
Hdmax maximum scour depth
e void ratio
Gs specific gravity (s.g.)
g acceleration of gravity
Fd densimetric Froude number
hc critical flow depth
J slope of water
Lo scour hole length
L length of stepped-channel chute
La aerated flow region length
Li length of non-aerated flow region
n porosity
q water discharge per unit width
V0 mean velocity of flow at downstream end of
channel-chute
1 s− 1
α chute angle from horizontal
γd dry unit weight of particles
γs unit weight of particles
γw unit weight of water
ν kinematic viscosity of water
ρ mass density of water
ρs mass density of bed material
δ horizontal location of maximum scour depth
reckoned from the end of the nonerodible bed
σg geometric standard deviation
τ shear stress
τkr critical shear stress
1ρ difference between densities of sediment mate-
rial and water
ρ mass density of water
ρs mass density of bed material
Abbreviations
DH1 stilling basin without sill
DH2 stilling basin sill height with 0.02 m
DH3 stilling basin sill height with 0.04 m
M1 thin sediment, d50 = 3.17 mm
M2 thick sediment, d50 = 9.94 mm
and semi-empirical relationshipswere developed for predicting
scour resulting from two-dimensional jets. Breusers and Raud-
kivi [3] provided an interesting and useful synthesis of much of
the work done on scour below various types of hydraulic struc-
ture. Ghobadian and Bajestan [15] investigated sediment pat-
terns at river confluences [16]. In a recent work, Emiroglu and
Tuna [17] conducted an experimental study to determine max-
imum scour depth downstream of stepped chutes, and devel-
oped the relevant equations.
In the present study, the effects of chute angle, tailwater
depth, grain size, step geometry and unit discharge on scour
hole topography downstream of stepped-chutes (or cascades)Figure 1: Flow regimes above stepped-channel chute. (a) Nappe flow; (b)
transition flow; and (c) skimming flow.
were investigated experimentally. There is significant need to
better understand the physics of the scouring process, so that
the design engineer can predict, with a high degree of certainty,
the magnitude and location of local scour around hydraulic
structures.
2. Hydraulics of stepped-channel chutes
The mechanisms by which air is entrained and transferred
into water, because of a stepped-channel chute, are several
and complex. Three basic air entrainment mechanisms are
described in stepped-channel chutes. These are skimming flow
regime, transition flow regime and nappe flow regime. A
description of these mechanisms is given in the following [18].
Yasuda and Ohtsu [19] were probably the first to introduce
the concept of a ‘‘transition flow’’ regime, although they did not
elaborate on its flow properties. For a given stepped-channel
chute geometry, a range of flow rates gives an intermediary flow
regime between nappe flow at low discharges and skimming
flow at large flow rates. In the transition flow regime, air bubble
entrainment takes place along the jet upper nappe and in the
spray region downstream of the stagnation point. The flow is
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data of Baylar et al. [18] and dotted line: Data of Ohtsu et al. [22].
highly turbulent, and air and water are continuously mixed
(Figure 1b). The air entrainment process in the transition flow
is not yet fully understood [20].
For a given flat step geometry, low flows behave as a series of
free-falling jets with nappe impact onto the downstream step,
i.e. the nappe flow regime. At the upstream end of each step,
the flow is characterized by a free-falling nappe, an air cavity
and a pool of recirculating fluid (Figure 1c). In nappe flow, air is
entrained at the jet interfaces and by a plunging jet mechanism
at the intersection of the lower nappe with the recirculating
pool, while de-aeration is often observed downstream. In free-
falling nappe, interfacial aeration takes place at both the upper
and lower nappes. At lower nappe, the developing shear layer
is characterized by a high level of turbulence and significant
interfacial air entrainment is observed [20].
Figure 1 shows the classification of flow conditions on
stepped-channel chutes [1]. Boes and Hager [21] reported that
nappe flow is found for low discharge and large steps. For
small steps and large discharges, such as the design discharge,
the water usually skims over the step edges, and recirculating
zones develop in the triangular niches formed by the step
faces and the pseudo-bottom. Strictly speaking, a distinction
between an upper limit for nappe flow and a lower limit
for skimming flow may be defined, with a transition regime
separating these characteristic limits. Boes and Hager [21] gave
Eq. (1) for onset of the skimming flow. A number of researchers
studied the flow regime on stepped chutes (see Figure 2).
Figure 2 shows flow conditions on stepped-channel chutes [18].
Additionally, for hc/h < 0.53 (where hc is the critical depth
and h is the step height) the water flows down the chute as
a succession of clear, distinct free-falling nappes (nappe flow
regime). For hc/h > 0.97, the flow skims over the pseudo-
bottom formed by the step edges (skimming flow regime).
Intense cavity recirculation is observed at each and every step.
For intermediate discharges (0.53 < hc/h < 0.97), a transition
flow pattern is observed (where the critical flow depth hc (hc =
3

q2/g), is in meters and the acceleration of gravity, g , is in
m/s2). A number of researchers studied the energy dissipation
ratio of stepped chutes in detail, and developed equations forFigure 3: Non-dimensional distance, Li/h, from chute crest to inception point
as a function of critical flowdepth to step height, hc/h, for different step heights,
h. (a) α = 30°; (b) α = 40°; and (c) α = 50°.
the energy dissipation ratio (e.g., [20,21]):
hc
h
= 0.91− 0.14 tanα. (1)
The flow type on stepped-chutes is very important for scour
hole formation. Stepped flows can be classified into nappe
flow, transition flow and skimming flow [18]. For nappe flow,
the steps act as a series of overfalls, with the water plunging
from one step to another. In skimming flow, the water flows
as a coherent stream over the pseudo-bottom formed by the
step corners. Generally speaking, nappe flow is found for
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discharges, a transition flow regime occurs. The dominant
feature is stagnation on the horizontal step face, associated
with significant splashing and a chaotic appearance. For narrow
steps or larger discharges, such as design discharge, the water
skims over the step corners and recirculating zones develop
in triangular niches formed by the step faces and the pseudo-
bottom. Lower scour depths were obtained in the nappe flow
regime, compared to transition and skimming flow regimes.
Similarly, in nappe flow, lower Li values were obtained from
transition and skimming flow regimes, as shown in Figure 3.
3. Experimental setup and experiments
The experiments were conducted using experimental ap-
paratus in the Hydraulic Laboratory at the Engineering Fac-
ulty of Firat University, Elazig, Turkey. The experimental work
was performed in a stepped cannel-chute with a re-circulating
flow system. A schematic diagram of the experimental set-up is
given in Figure 4, showing a prismatic rectangular chute chan-
nel, 0.30 m wide and 0.50 m deep, in which the steps were in-
stalled. The sidewalls were made of transparent methacrylate,
in order to monitor the flow regime. Water was pumped from
the storage tank to the stilling tank from which water entered
the chute through an approach channel, with its bed 2.75 m
above the laboratory floor. The experiments reported herewere
carried out with unit discharges ranging between 17.2 × 10−3
and 69.0×10−3 m2/s. The flow rate wasmeasured bymeans of
an electromagnetic flowmeter installed in the supply line. Wa-
ter level and scour depthmeasurements were taken with a dig-
ital limnimeter, accurate to±0.01 mm. Water jet velocity from
the stilling basin was obtained as an average velocity by mea-
suring flowdepth. The channel chute angles (α) are equal to 30°,
40° and 50°, and the step heights (h) are 0.05, 0.10 and 0.15 m.
The range of test variables is given in Table 1.
A sand bed was installed downstream from the stepped
channel chute. Downstream of the stepped-channel chute, a
material pool representing a river bed 2.75 m in length and
0.30 m in width was constructed. The stilling basin was placed
at the end of the stepped chute. The stilling basin sill height was
taken as hs, 0.00 (i.e., without sill), 0.02 and 0.04 m (Figure 5).
As seen in Figure 4, at the end of the downstream channel, a
relief structure (control gate) was placed in order to adjust the
tailwater level. The control gate heights (hg ) were 0.00, 0.05 and
0.10 m. As a result, tailwater depth (ht ) changed between 2.6Figure 5: Stilling basin sill types.
Figure 6: Sediment size curve (M1, M2).
and 17.0 cm. In the downstream pool, a material with 0.25 m
thickness, and two gradations of non-cohesive bed material
were used. A sieve analysis was carried out to determine the
grain size distribution for each material of sand, the results
of which are shown in Figure 6. From this, the median grain
size (d50) and coefficient of uniformity (Cu = (d85 − d16)/d50)
were obtained. The mass density of the bed material (ρs) was
obtained using a vacuum air removal technique. Porosity (n)
was determined by first evaluating the dry unit weight (γd), and
then calculating the void ratio (e = Gsγw/γd − 1), where Gs
is specific gravity (sometimes abbreviated s.g.), which indicates
howmuch heavier thanwater a given substance is. The porosity
was then calculated from n = e/(1 + e). Table 2 shows a
summary of the test conditions.
After each experiment, in order to determine the scour
hole geometry, measurements were conducted in X , Y , and Z
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α (°) q× 10−3 (m2/s) h/b (-) Tailwater depth (cm) Stilling basin sill height (cm) d50 (mm) Vo (m/s)
30 17.2–69.0 0.577 2.6–17.0 0 (without sill), 2 and 4 3.17–9.94 0.04–1.98
40 17.2–69.0 0.834 2.6–17.0 0 (without sill), 2 and 4 3.17–9.94 0.06–2.36
50 17.2–69.0 1.190 2.6–17.0 0 (without sill), 2 and 4 3.17–9.94 0.19–2.56Table 2: Characteristics of bed material.
Sediment type d50 (mm) Coeff. of uniformity Cu Specific gravity (s.g.) Gs Porosity n (%) Geometric standard
deviation σg
M1 3.17 0.55 2.65 37 1.30
M2 9.94 0.73 2.65 37 1.39Figure 7: Relationship of stepped-chute base angle with scour geometry. (a) α = 30°, q = 34.48 × 10−3 m2/s, z = 25 cm, DH2, M2; (b) α = 40°,
q = 34.48× 10−3 m2/s, z = 25 cm, DH2, M1; (c) α = 50°, q = 34.48× 10−3 m2/s, z = 25 cm, DH3, M2.
M.C. Tuna, M.E. Emiroglu / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 338–347 343Figure 8: Relationship of control gate heightwith the scour geometry. (a)α = 50°, q = 34.48×10−3 m2/s, z = 25 cm,DH3,M1; (b)α = 50°, q = 51.72×10−3 m2/s,
z = 30 cm, DH2, M2; and (c) α = 50°, q = 68.96× 10−3 m2/s, z = 35 cm, DH1, M1.directions, and a cross-section of the area, where themaximum
scour depth occurred, was produced from the obtained data.
4. Results and discussion
Experiments were conducted to determine maximum scour
depth and scour geometry at the downstream of the stepped-
chute under different experimental conditions. The experimen-
tal results indicated that the type of flow regime is a function
of step height, channel slope and flow rate. Three different
flow regimes; nappe regime, transition regime, and skimming
flow regime, occur at stepped-channel chutes. A tendency to-
wards the nappe flow regime was observed, with increasingstep height and decreasing the unit discharge and channel
slope. However, the results show a tendency towards the tran-
sition and skimming flow regimes, as unit discharge and chan-
nel slope increase and as step height decreases. When the types
of flow determined in this study were compared to the equa-
tions given by Baylar et al. [18] and Ohtsu et al. [22], it was ob-
served that types of flow are accurately compatible with these
equations. Experimental results indicated that minimum scour
depth was shown during the nappe flow regime, due to its
maximum energy dissipation skill.
The variation of unit discharge with scour geometry was
examined by taking into account parameters which are chute
angle and step height in three different types of stilling basin
344 M.C. Tuna, M.E. Emiroglu / Scientia Iranica, Transactions A: Civil Engineering 18 (2011) 338–347Figure 9: Relationship of stilling basin sill type with the scour geometry. (a) α = 40°, q = 51.72 × 10−3 m2/s, z = 25 cm, DH1, M1; (b) α = 40°,
q = 34.48× 10−3 m2/s, z = 25 cm, DH2, M1; and (c) α = 40°, q = 34.48× 10−3 m2/s, z = 25 cm, DH3, M1.(without sill DH1, 0.02 m sill height DH2, and 0.04 m sill
height DH3) in two different types of bed material. In order to
investigate the effect of tailwater depth, while seeking scour
geometry, experiments were carried out for different tailwater
depths. Tailwater depth was changed between 0.026 m and
0.17 m.
In all series of experiments, scour depths increased with an
increase in unit discharge. In the case of a stilling basin without
sill, there was maximum scour depth in all experiments. In
other words, a decrease in scour depth was observed with an
increase in sill height. The results demonstrate that maximum
scour depth increases with an increase in both chute angle and
unit discharge.
Figure 7 shows the variation of Hd versus α = 30°, 40° and
α = 50° for constant unit discharge and tailwater level. Scour
depth increases as chute angle increases. This is because theenergy dissipation ratio for high chute angles is less than that
of small chute angles for the same total height of the chute.
As shown in Figure 6, the plots are in both two and three
dimensions. Thus the variation ofHd with chute angle can easily
be seen in these figures.
Figure 8 shows the variation of Hd with different tailwater
levels for the constant chute angle of 50. The values of Hd
decrease with increasing tailwater level. The reason for this is
that the energy of the jet that formed the scour was dissipated
by diving into the water bag, which was formed when the
tailwater level increased.
Figure 9 shows the variation of Hd according to different
types of stilling basin used in the series of experiments. For
all experiments, the values of the highest scour depth were
obtained for DH1 and the values of the lowest scour depthwere
obtained for DH3, as shown in Figure 8.
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chutes for different step geometries, sill heights and tailwater
levels. As can be seen from Figure 9, after the stilling basin,
gradually, the scour hole and maximum scour are formed.
Following the scour hole, material deposits are composed. In
stepped-channel chutes (or cascades), scour depth is low and
parallel to this (the height of accumulated material in the bedis also reduced). Thus, possible problems of hydraulic structure
operation are eliminated. Figure 9a–b shows that stepped-
channel chute Hd values decrease with increasing step height,
because the amount of energy increases as the step height rises.
The values of Hdmax/h were plotted against Fd, as shown
in Figure 11. For a stepped chute, the velocity at the end
of the stilling basin increased proportional to the increase in
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cute angle. Scour depth increases with increasing densimetric
Froude number (Fd). Fd is the densimetric Froude number
defined as Fd = V0/

gd50
ρs−ρ
ρ
, where ρ is in kg/m3, the mass
density of bed material, ρs, is in kg/m3, and the mean diameter
of bed material, d50, is in millimeters. In the range of 0 <
Fd < 14.00, no scour was formed in any of the experimental
groups. The greatest scour depth occurred in the experimental
groups, with Fd > 12.00. The scouring process was affected by
densimetric Froude number downstream of the stilling basin.
Both relative scour depth, Hdmax, and relative scour length, Lo,
were increasedwith the increasing value of densimetric Froude
number.
5. Conclusions
In this study, local scour occurring downstream of stepped-
channel chutes was investigated considering different flow
regimes, stepped chute base angle, step geometry, stilling
basin sill type, downstream water levels and sediment size
parameters. The parameters that affected scour geometry were
taken into account to obtain scour hole geometry. The results
indicated that stepped-channel chutes are very efficient means
of lowering scour depth. Based on these findings, the following
conclusions can be drawn:
• Three different flow regimes, namely, nappe, transition and
skimming flow regimes, occur in cascades, depending on
step height, chute angle and unit discharge. A tendency to-
wards the nappe flow regime was observed with increasing
step height and decreasing chute angle. Moreover, the re-
sults showed a tendency towards the transition flow regime
as chute angle increased. A decrease was observed in the
nappe flow regime as chute angle increased. The results indi-
cate that for all chute angles, a tendency towards the nappe
flow regime occurs with increasing step height. In addition,
a tendency towards the skimming flow regimewas observed
as chute angle increased.
• The flow type on the stepped-chutes is very important for
scour hole formation. Lower scour depths are obtained in
the nappe flow regime compared to transition and skimmingflow regimes. Similarly, in nappe flow, lower Li values are
obtained from transition and skimming flow regimes.
• Generally, the scour pattern is not symmetrical and the
maximum scour occurs either on the left or right from the
longitudinal center line of the downstream channel.
• Proportional to an increase in chute channel base angle,
the measured velocity at the end of the stilling basin also
increased. Scour depth increased with a rise in flow velocity.
• Maximum scour depth increases with an increase in
densimetric Froude number (Fd). The maximum depth of
scour hole for low tailwater depths, at the same densimetric
Froude numbers, is approximately 10%–25% deeper than
high tailwater depths.
• Step geometry, stepped chute angle, downstream water
level and the sill type of the stilling basin are very important
parameters in scour hole geometry.
• The results of this paper will be beneficial for the use of
stepped-channel chutes in irrigation projects, in environ-
mental systems where the aeration of water and oxygen
transfer are required, and for dissipation of water energy,
which is discharged from forebay and tailwater channels of
hydroelectric projects.
Unlike clear water open channel flow, highly turbulent
air–water flow cannot be modeled precisely, i.e. without scale
effects, largely due to the relative invariance of bubble size. The
experiments described in this paper cover unit discharges that
are smaller than some prototype applications. Clearly, tests at
higher unit discharges and physical models should be carried
out to see if this trend extrapolates.
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